ABSTRACT A -3'-terminal oligonucleotide fragment, 161 bases long, can be obtained from each of the four brome mosaic virus BNAs by means of nuclease digestion. Like the four intact brome mosaic virus RNAs, each fragment accepts tyrosine ina reaction catalyzed by wheat germ aminoacyl-tRNA synthetase. The complete nucleotide sequence of the RNA 4 fragment has been determined by use of standard radiochemical methods. Comparative data for the fragments from RNAs 1, 2, and 3 show that-the have nearly the same sequence as the RNA 4 fragment. The eight bases adjacent to the 3' terminus of the RNA 4 fragment are identical in sequence to the eight terminal bases of tyrosine tRNA from Torula utilis and eleven interior bases are identical in sequence to eleven bases encompassing the anticodon region of tyrosine tRNA from Saccharomyces cerevisiae, T. utilis, and Escherichia coli. Nevertheless, reasonable basepairing schemes yield, at best, a distorted cloverleaf secondary structure.
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Nucleotide sequence analysis of the extremities of plant viral nucleic acids has provided substantial information regarding their structure and their function as messengers. For example, the 5'-termini of some of these RNAs, in common with most eukaiyotic messengers, contain the "cap" structure m7GpppGp.
(For an extensive review, see ref. 1 .) The efficiency of translation is dependent on the presen'ce of cap (2) (3) (4) . For brome mosaic virus (BMV) RNA 4 , the monocistronic messenger for BMV coat protein, the initiation codon is only 10 nucleotides from the capped 5' end and this short sequence, together with the cap, constitutes an effective ribosome binding site (5) .i
The 3' termini of some plant viral RNAs have the unique property among messengers that they can quantitatively accept an amino acid in a reaction catalyzed by aminoacyl'tRNA synthetase. Thus, turnip yellow mosaic virus RNA (6) and egg plant mosaic virus RNA (7) can be charged with valine; tobacco mosaic virus RNA can be charged with histidine (8) . Each of the four BMV RNAs can be charged with tyrosine (9) . Some picornaviral RNAs can be charged, albeit inefficiently and probably only after they have been fragmented (10, 11) . The property of chargeability implies that these RNAs have a tRNA-like structure and possibly also a tRNA-like function (12) .
A secondary structure, somewhat like that of tRNA, is compatible with the sequences determined for the 3'-end regions of turnip yellow mosaic virus RNA and possibly egg plant mosaic virus RNA (13, 14) . The nucleotide sequence at the 3'-terminal region of tobacco mosaic virus RNA seems less amenable to folding into a cloverleaf secondary structure (15) .
Although the BMV RNAs can be aminoacylated with tyrosine, this amino acid is not donated to nascent peptides upon in vitro translation (16) .> However, integrity of the 3' end is necessary for infectivity of BMV RNA (17) . Thus, like their 5' ends, the 3' ends of these viral RNAs have a distinctive structure and presumably an important, although unknown, function.
We have reported that partial hydrolysis of each of the four BMV RNAs with RNase T1 releases a 3'-terminal fragment about 160 nucleotides long-and that this fragment is virtually as efficient in accepting tyrosine as the intact BMV RNAs (18 (20) (21) (22) . Partial digestion of the individual BMV RNAs with RNase T1 and subsequent isolation of Q161 by electrophoresis on polyacrylamide gels have been described (18) . Except where explicitly noted, all our descriptions refer to Q161 isolated separately from each of the four RNAs. Sequence Analyses. Complete digestion of 0161 with either T1 RNase or pancreatic ribonuclease, separation of the resulting oligonucleotides by two-dimensional electrophoresis or by electrophoresis-homochromatography, and further analysis of these oligonucleotides were according to the methods of Sanger and his colleagues (23, 24) .
The larger oligonucleotides, especially those rich iii pyrimidines, were also analyzed by the wandering spot procedure as described by Silberklang et al. (13) 
(Right) Two-dimensional fractionation of a complete pancreatic ribonuclease digest ofQ161. The oligonucleotides were separated by electrophoresis in the first dimension on cellulose acetate at pH 3.5 and in the second dimension on DEAE-cellulose paper in 7% formic acid. The spots Pl-P21 and their molar yield are: P1, Up, 28.7; P2, Cp, 16.6; P3, A-Cp, 7.5; P4, G-Cp, 5.2; P5, A-Up, 1.9; P6, A-G-Cp, 0.9; P7, A-G-A-Cp, 1 
overlapping pieces, 0161 was digested with 20 ng of pancreatic ribonuclease or 400 ng of T1 RNase per 200 jig of RNA. The incubation was at 00 for 20 min. To obtain comparatively shorter pieces (10-30 nucleotides), Q161 was digested with T1 or pancreatic ribonuclease at an enzyme to substrate ratio of 1:100. The incubation was at 40 for 10 min. The 0161 fragment was tested for the presence. of abnormal bases by two-dimensional thin-layer chromatography on cellulose as described by Nishimura (26) . Conditions for digesting 0161 with nuclease S1 were similar to those of Rushizky and Mozejko (27) .
RESULTS
Limited digestion of BMV RNA 4 with T1 RNase and subsequent fractionation by electrophoresis on polyacrylamide gels produces one major band and many minor bands corresponding to fragments of various lengths (18) . The major band fragment, designated 0161, is the only one produced quantitatively, and it can be obtained readily in pure form. On complete digestion with RNase T1, this fragment gives rise to the 3'-terminal oligonucleotide A-C-C-AoH, indicating that 0161 is cleaved from the 3' end of RNA 4.
Sequence Analysis of RNase T1 and -Pancreatic Ribonuclease Oligonucleotides of RNA 4 (161. Fragment 0161 of BMV RNA 4, uniformly labeled with 32p (specific activity 109 dpm/mg of RNA), was digested to completion with RNase T1 and the products were separated and characterized. A twodimensional separation by cellulose acetate electrophoresis and DEAE-cellulose thin-layer homochromatography is shown in Fig. 1 left. All products were well resolved except the isomers T12 and T13 and T16 and T17. Separation of similar quality is obtainable by two-dimensional electrophoresis (18) . Fig. 1 right illustrates complete separation by two-dimensional electrophoresis of the products of digestion of 0161 by pancreatic ribonuclease. The sequences of most of the pancreatic ribonuclease and of the short T1 RNase oligomerswere determined by analysis with the complementary RNase T2 RNase, snake venom phosphodiesterase, and U2 RNase. The oligomers for which such analyses were not definitive were examined, in addition, by the wandering spot procedure; these included T17-T26 and P15, P17, P18, and P21. Some typical wandering spot analyses, those of oligomers T21, T24, T26, and P18, are shown in Fig. 2 . Fragment 0161 of BMV RNA 4 was digested with a mixture of ribonucleases and the products were analyzed for the presence of unusual bases. No spots were detected other than those of the common nucleotides A, C, G, and U.
Ordering of Oligonucleotides and the Sequence of RNA 4 0161. Fragment Q161 of BMV RNA 4 was partially digested with T1 or pancreatic ribonuclease and the pieces were separated by polyacrylamide gel electrophoresis or by cellulose acetate electrophoresis and homochromatography. The purified products were analyzed as had been 0161 itself. Enough pieces of different chain lengths and with overlapping sequences were obtained to permit ordering of all Ti and pancreatic oligonucleotides except those between residues 70 and 74. We could not distinguish between the sequences C-A-U-G-G-G-C-U-U-G-C-A-U-A-Gp and C-A-U-G-C-U-U-G-G-G-C-A-U-AGp, since both sequences gave rise to the same products after a variety of partial digestions with T1 and pancreatic ribonuclease. This ambiguity was resolved by 32P end-labeling of the Ti partial product corresponding to residues 69-74, followed by wandering spot analysis as shown in Fig. 3 .
Sequences of 0161 from BMV RNAs 1, 2, and 3. The Ti and pancreatic ribonuclease maps for Q161 from RNAs 1, 2, and 3 were identical to those of RNA 4 except as follows: (a) In 0161 from RNAs 1 and 2, spot 11 (U-A-C-C-Gp) was missing and was replaced by spots corresponding to the oligomers U-Gp and U-C-Gp in RNA 1 and U-Gp and C-C-Gp in RNA 2. (ii) A-Cp (spot P3) was reduced in amount while G-Up (spot P9) was increased for RNA 1 and G-Cp (spot P4) was increased for RNA 2. Other possible differences are not precluded, e.g., sequence isomers that migrate identically both in electrophoresis and homochromatography. Because extensive differences of this kind are unlikely and would, furthermore, be unlikely to have a bearing on our conclusions, we chose, for the present, to ignore these possibilities. Fig. 1 . Complete T1 and pancreatic ribonuclease digests of 0161 were labeled with [,y-32PJATP using polynucleotide kinase and the products were separated. 5'-32P-Labeled spots were then eluted, partially digested with the above enzymes, and analyzed. The first dimension was electrophoresis on cellulose acetate, pH 3.5; the second dimension was homochromatography on thin-layer plates made of either pure DEAE-cellulose (CEL 300 DEAE; Upper left and right) or a mixture of DEAE-cellulose and cellulose in the ratio 2:15 (CEL 300 DEAE/HR 2/15; Lower left and right). The homochromatography mixture used was a 3% solution of yeast RNA in 7 M urea that had been hydrolyzed for 45 min, prepared according to Barrell (24) . The mononueleotide of T26 waS partially trapped in the paper wick.
In all probability RNA A-C-C-A terminus and a tyrosine anticodon centered on an "anticodon" loop? Both features are believed to be involved in recognition by the charging enzyme (30) . With some alternative folding and with elimination of some marginal base pairs the secondary structure of Fig. 4 can be converted to the more cloverleaf-like structure shown in Fig. 5 . However, we are unable to construct a secondary structure of high stability that provides an "anticodon" loop centered on 1161 bases 14-24. It might be especially vulnerable to nuclease attack. The U-A bond in the "anticodon" region of the structure in Fig. 5 (positions 66-65) is the most susceptible pancreatic ribonuclease point in Q161. With an enzyme to substrate ratio of 1:10,000, it was possible to obtain a break only at this point in Ql161, separating the molecule into two parts. The isolated fragments were no longer chargeable. However, a molecule with a hidden break at this point, with the halves still noncovalently bound, was chargeable (M. Bastin and P. Kaesberg, unpublished observations), indicating that the structure on both sides of this anticodon-like feature, although not the integrity of the antic6don itself, is necessary. This is similar to the situation in some tRNAs in which a hidden break in the anticodon loop does not preclude aminoacylation (30) .
Digestion of Q161 by Si Nuclease. S1 nuclease preferentially cleaves in the anticodon loop of tRNAs (31) . It is possible to digest tRNA to yield more than 90% half-molecules, that are stable to 50-fold higher concentration of enzyme (27) . We thus undertook a study of the digestion of Q161 to ascertain whether a similar preferential cleavage site existed. (161 was digested with nuclease S1 under conditions optimal for cleaving tRNAs in their anticodon loops. After digestion, the products were fractionated on 10% polyacrylamide gels. Fig. 6 shows an experiment in which 30,000 cpm of 32P-labeled 2161, together with 50Mg of unlabeled yeast RNA, were digested with 80 units of enzyme in 0.3 M NaCl, 0.05 M sodium acetate (pH 5.7) for 24 hr at 00 in a 50-,gl volume. Three major bands, designated I, II, and III, and several minor bands were observed. The RNA from each band was eluted and subjected to electrophoresis and homochromatography after complete digestion with RNase T1. The bands were identified by comparison of their T1 catalogs with those of 161. Band I contains all Ti oligonucleotides; it is undigested 161. Band II contains, in equimolar yield, all Ti oligonucleotides on the 5' side of oligonucleotide T13 (C-A-U-A-Gp) and is thus a cleavage product encompassing residues 69-161. Band III contains (i) in equimolar amount all Ti oligonucleotides on the 3' side of oligonucleotide T13 except T8, (ii) T8 in less than equimolar amount, and (iii) small oligomers, in less than equimolar amount, which we believe are portions of T13 or T8. Band III is thus heterogeneous; it contains residues 1-68, but residues 1-4 and 63-68 exist only fractionally.
We believe that minor bands a, b, c, and d represent mixtures of SI cleavage products. Bands a and b contained most T1 oligonucleotides except C-A-U-A-Gp, A-C-C-AOH, and A-C-A-C-Gp. Bands c and d also contained most T1 oligonucleotides, but those near the 5' and 3' ends of Q1i61 were present in low amounts. We conclude that S1 nuclease cleaved preferentially near residue 66, the "anticodon" region of Fig. 5 
